Abstract. A prototype system for condition monitoring of composite structures is described that relies on the on-line measurement of dynamic strains in order to detect any deterioration in performance due to the accumulation of damage. Strain data from both long gauge and point optical fibre sensors are employed to update finite element models of the analysed structures. Together with Bragg grating point sensors, an innovative Fabry-Perot interferometric long gauge strain sensor is proposed. The cavity of these sensors consists of a pair of matched Bragg grating reflectors allowing a number of sensors of the desired length to be wavelength multiplexed on a single fibre, with the advantage of minimum intrusivity in composite materials while retaining sensing capability over the whole structure. A heterodyne based demodulation system, tailored for these sensors, has been employed. Gradient based optimisation algorithms have been utilised to update structural Finite Element models based on the output from the fibre optic sensors and strain based modal analyses. These procedures were used to detect the location of areas with known modifications of the stiffness properties in composite structures and showed good results, as the damaged areas have been correctly located. The comparison with results obtained using more conventional updating techniques shows the validity of the dynamic strain data approach in the damage detection field.
Introduction
Composite materials are an established reality in most fields of engineering. Their advantages over conventional materials are well known, yet their properties are much more difficult to predict and this sometimes precludes their use in an even wider number of applications. In particular, the behaviour of damaged composite structures is often difficult to understand and damage detection can be difficult and expensive. These factors have led to the development of on-line condition monitoring systems. These systems need two key elements in order to be able to perform their tasks: a distributed sensors network and a data analysis and interpretation algorithm [1] . The use of these systems can be more cost effective than other monitoring approaches, as they do not require any disassembling of the structure, keeping the out-of-service time at a minimum [2] . This investigation describes the implementation of a damage detection technique suitable for use in composite material structures based on embedded fibre optic sensors. Fibre optics sensors have been widely experimented as strain sensors and a number of mathematical models have been developed to describe the optical output as a function of the strain field applied to the host structure. Fibre optic strain sensors show several advantages when compared to more conventional electrical strain gauges. Fibre optic sensors are passive devices, immune to E.M. noise and perfectly safe in almost any environment. Their small size and the capability of multiplexing many sensors on a single fibre make them easily embeddable in composite structures. The sensitivity of fibre optic strain sensors is very high especially when interferometric sensors are used. In addition, the costs of multiplexed fibre optic sensing systems compare favourably with conventional systems using a similar number of sensors. Both Fibre Bragg Grating (FBG) sensors and long gauge interferometric sensors are considered in this investigation. The use of strain based modal data is proposed in this investigation together with fibre optic strain sensors as a way to determine the accumulation of damage in composite structures. The analysis of modal properties has been employed in the past as a mean to determine modifications of the structural response due to damage. Modal testing techniques commonly make use of displacement responses that can sometimes fail to provide data useful in structural integrity evaluation. In fact structures can often show changes in modal displacement fields only when heavily damaged. The same can be applied to the study of modal frequency shift, as even critically damaged structures often show comparatively little changes in modal frequencies. By using strain instead of displacement or acceleration measuring devices in conventional modal analysis setups, it is possible to obtain strain frequency response functions. As strains and stresses are intimately related to the strength of a material, the use of these quantities as a measure of structural integrity level instead of displacement data seems natural. In fact areas of critical strain concentrations are not always coincident with maximum displacement amplitudes, while being the most important for damage detection and assessment [3] . Modal strain data can also be employed to validate the result of FEM analysis together with displacement data: an adequate correlation between the strain values predicted by FEM analyses and the values measured allows the assumptions used to define the FE model to be used with greater confidence. As FEM strain data are often used in fatigue life prediction and strain energy based models are employed in damage growth simulation, using a FE model validated by experimental strain modal data can give greater confidence in the predicted behaviour of a structure. Strain modal data are also insensitive to rigid body motions, as strain sensors are in fact incapable of measuring rigid body modes that can pollute accelerometer data. Strain sensors allow response measurement in the frequency range down to static loading while conventional accelerometers decrease in sensitivity as the frequency of the motion decreases. Furthermore, strain sensors show a definite advantage over conventional accelerometers in size and weight therefore affecting less the modal properties of the tested structure. Strain sensors are also usually cheaper than accelerometers, allowing a greater number of sensors to be used at the same cost. The use of Finite Element Model updating techniques for the identification of structural properties is receiving considerable attention [4] . These techniques employ analyses of the variation of a selected set of data to identify unknown parameters in a finite element model of the structure under study. To be implemented successfully, these techniques need reliable models of the structures under investigation. Moreover the data employed have to be as sensitive as possible to the changes in the properties of interest. The use of strain data can provide both reliable models and sensitivity to the presence of damage. In our case these techniques are a powerful tool to link finite element analysis data and fibre optic sensors outputs. Model-updating algorithms have been developed that use data from different fibre optic sensors to identify unknown parameters in a finite element model of the structure under study.
Experimental Investigation

Composite Test Structures.
Composite structures of different types were used for the different experiments. All of them were manufactured from Advanced Composite Group (UK) LTM26. High Strength unidirectional carbon composite material cured under vacuum in an autoclave. This material was chosen because of its low curing temperature (between 80 and 100 C) that guarantees the embedding of polyimide coated fibres without any risk of breakage.
A square panel was manufactured with four embedded Fabry-Perot interferometric sensors. A balanced, quasi-isotropic, 28-ply lay-up ([2x90°,2x0°,2x-30°,2x60°,2x30°,2x-60°,1x0°,1x90°]
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Damage Assessment of Structures V symmetric) was chosen for the panel. The embedded sensor network consisted of a single fibre embedded between the plies. The fibre had four Fabry-Perot cavities with a length of 300 mm. Four fixing holes were drilled in the panel and fitted with large diameter flat steel studs. The studs reinforced the material around the edges of the holes and allowed the bolting of the panel to a support structure. Sets of beams were built with embedded Bragg gratings. Two fibres were used in each beam, with a single grating on each fibre. A 20-ply lay-up ([4x0°,2x90°,1x45°,1x-45°,2x0°] symmetric) was selected and the fibres were embedded as close as possible to the surface, in order to maximise the strain sensitivity. Each set of beams was machined from a single composite panel together with a number of coupons. These were used to measure accurately the basic material properties through tensile tests. analysis conversely employs signals in the order of a few kHz, so making necessary the development of techniques able to track these signals. One of the most interesting techniques makes use of a fixed optical filter: in these systems the signal reflected from the grating passes through the linear part of an optical filter. In this way the wavelength signal is converted in an amplitude signal making therefore possible to measure easily the wavelength shift. The whole reflected signal is used as reference to compensate for any amplitude variation not due to the filter effect. As such a system makes no use of moving components its acquisition speed is limited only by the electronics, making high frequency measurements possible. A system based on this technology is currently under development and prototypes have been used to verify the possibility of achieving the desired frequency. As Bragg gratings are typically between 5 and 10 mm long, they can be regarded as point sensors when compared to the size of typical composite structures.
Fibre optic interferometric sensors are based on the optical path variation in one of the two arms of an in-fibre interferometer compared to the optical path in a reference arm. This optical path difference generates a phase shift between the light beams in the two paths. This phase shift carries the sensor signal. Both the elongation of the fibre and the change in its refractive index due to elasto-optic phenomena effect the optical path in a fibre interferometer. It is therefore possible to define a relationship between the strain applied to the sensor and the phase change measured. The most important advantage of interferometric fibre optic sensors is their huge sensitivity when compared to other strain measuring sensors. Strains of the order of magnitude of few picostrains have been measured in the past using different interferometric techniques. Another important feature of interferometric sensors is the wide range of gauge length possible. Long gauge length sensors are less sensitive to errors due to sensor misplacement or misalignment [5] . Also they can be positioned to ensure a non-zero response regardless of nodal locations. The sensor proposed was an innovative Fabry-Perot interferometric long gauge-length strain sensor. The cavities of these FP sensors are defined by a pair of wavelength -matched Bragg grating reflectors [6] . This type of cavity has several advantages over conventional Fabry-Perot sensors: -Less intrusivity, as the reflectors are Bragg gratings that do not increase the fibre diameter as happens in sensors that use fibres spliced together. -Multiplexing capability, as a number of reflectors can be used on the same fibre at different wavelengths. -Sensors of any length can be implemented. In order to make possible the multiplexing of several sensors on the same fibre, a broad band source has to be employed. The coherence length of such a source is in the order of tens of microns, therefore no cavity output can be recovered directly. In order to recover the signals from the array of sensors, the light from the source is first injected into an unbalanced fibre Mach-Zender (MZ) interferometer and then transferred to the sensors via a directional coupler. The unbalanced path length of the interferometer equals the sensing length of the cavity. As the system is designed to detect dynamic strain signals, heterodyne signal processing was used. The strain variation in the cavity caused a change in the optical path of the Fabry-Perot interferometer sensing arm. This therefore changed the relative phases of the two interfering components generating a signal that was equivalent to a frequency modulation of the synthetic carrier. The output of the demodulation unit is a voltage proportional to the frequency of the optical input signal. This in turn is proportional to the strain variation rate, from which strains can be measured via integration. It is therefore possible to display the signal on a scope or use it as the input for other processing equipment. The whole system was calibrated using an external cavity built with a collimating lens and a mirror fixed on a piezoelectric actuator [7] . As the mirror was fixed to the piezoelectric actuator, it was possible to generate a phase modulation in the optical signal by exciting the actuator via a signal generator. A laser velocimeter (Polytech type OFV-302) was used to calibrate the mirror velocity as a function of the voltage applied to the piezoelectric actuator.
Testing of composite smart structures.
All the structures were first tested using conventional techniques before progressing to any test involving fibre optics sensors. Displacement modal analyses were undertaken in order to determine the modal characteristics of the structures [8] . Excitation of the modal frequencies was obtained by using an electromagnetic shaker (B&K type 4809), attached to the structures using custom made stingers. Signals from a force transducer attached to the excitation point and from the demodulation equipment were used as input to a dual channel analyser (B&K type 2065). This type of analyser allowed quasi real-time calculations of a number of functions (FFTs, auto/cross-correlations, FRFs) and therefore was useful for any type of modal analysis. The shaker was driven using a suitable power amplifier (B&K type 2706) while the excitation signal was generated using a signal generator integrated in the analyser. The type of excitation chosen was a pseudo-random noise in the same range of frequencies set for the acquisition. A laser velocimeter was used to obtain a number of transfer receptance frequency response functions (FRFs) of the vibrating structures. Modal analysis software was employed to reconstruct modal shapes from the receptance FRFs.
The interferometric sensors in the panel were used to obtain a number of integrated strain FRFs. In order to do so, the complete demodulation system was connected to the panel and its output was connected to the analyser in place of the laser velocimeter. In this way the FRFs obtained show the integral of the strain field along the sensor per unit of force over the chosen frequency range. The Bragg grating sensors were first employed to detect strains under static load. A commercial F-P scanning filter based device was used to track the FBG wavelength shift while different loads were
512
Damage Assessment of Structures V applied to the tip of the beams. Dynamic tests were performed initially with the same demodulation equipment and subsequently with a prototype of the definitive demodulation system.
Finite Element Analysis
A simple model was used to demonstrate the approach and test the algorithms, with the intention of eventually employing the technique with the support of experimental results from damaged structures.
Model description.
A cantilever beam with the same characteristics of the ones employed in the experimental investigation has been selected as test structure. Models of the beams were designed using the PTC ProMechanica Finite Element software package. Rectangular shell type elements with a maximum polynomial order of 9 were used and all the degrees of freedom were constrained at one end of the beam to represent the cantilever configuration. Both a model of a damaged beam and a model of an undamaged beam were designed. The damaged beam model was divided in three sections: from x=0 to x=L/3 there was an undamaged area, that was an area where the material properties are typical of an undamaged material (E 1 =110 GPa, E 2 =6.5 Gpa). This area was modelled using 22 elements. From x=L/3 to x= 2L/3 there is an area of probable damage, that was an area where the material properties of some of the elements had been changed through a reduction of Young's Modulus. 26 elements were used to model this area From x=2L/3 to x=L there was another undamaged area with the same characteristics of the first. These areas have been chosen in this way because the Bragg gratings are located in the positions x=L/3 and x=2L/3. The distance of the reduced modulus elements from the first undamaged area was defined as a parameter (D) allowed to range from 0 to 200 mm. The geometry of the damaged beam model is presented in Fig.2 . The undamaged beam model retained the same geometry while the material properties were typical of the undamaged material in all the elements. 
Sensitivity Analysis.
Finite Element analyses were performed to evaluate the sensitivity of strain data to the presence of damage. A value of the parameter D of 120 mm was selected in the damaged model in order to locate the damage as far as possible from both Bragg grating sensors while avoiding nodes of the lower vibration modes shapes. The Modal Assurance Criterion (MAC) was used to define the correlation between the damaged and undamaged strain modal shape for the first 5 flexural modes. Longitudinal strain values were employed for this analysis. The ratio of strain values derived from the Bragg grating based sensors output ratio was also used as a mean to determine the presence of damage and this ratio was computed again for the first 5 flexural modes in both the damaged and undamaged configuration.
Identification Routine Description.
The identification routines were written using MATLAB. Different functions were written to perform the different tasks. A finite element modal analysis was performed, and then strain data for the required number of modes from the analysis output files were read. Different functions were required for the different sensors. When Bragg gratings were simulated, the strain values in the grating locations were recorded, and the reflected wavelength shift was obtained from these. When interferometric sensors were employed the strain field was integrated along the previously defined sensor locations shown in fig.3 and the resulting values were then converted in equivalent optical phase change data. The outputs from the sensors were compared with simulated experiment data and a gradient projection algorithm was invoked to find the minimum of the error function. The current value of the parameter (i.e. the distance D) for each iteration was stored in an ASCII file that was read by the finite element code before performing a new analysis. The value of the parameter minimising the error function was the required result. An option was introduced to use modal frequencies as a model response (measures) instead of integrated strains to help evaluate the updating procedure performances. This was straightforward since the Finite Element code had an in-built optimisation tool that uses modal frequencies as measures. It was therefore possible compare the custom built algorithm with an existing one.
Results
Experimental results.
First the noise floor of the demodulation system was measured employing the external Fabry-Perot cavity. The average noise floor was measured to be 40 Hz of optical frequency shift, corresponding to approximately 2x10 -2 me/Hz 1/2 ( Fig. 3) . After determining the properties of the demodulation equipment, measurements were performed using the Fig. 4 , where the average strain value along the sensor is measured instead of the integral of the strain field. 
Finite Element analyses results.
The MAC values obtained for the first 5 flexural modes were compared to the perfect correlation value, i.e. 1. The difference was expressed in percentage.
The ratio of the strain in the two gratings positions proved to be sensitive to the damage in the structure. The difference between the ratio in the damaged and undamaged beam varied from less than 0.3% in the first mode up to more than 13% in the fourth mode. The grating strain ratio variations can be compared to the MAC variations in table 1. Table 1 . MAC and FBG ratios comparison.
Identification Routine Results.
The identification routine was first tested using modal frequencies as measures. Modal frequencies of the first two modes were used and the results compared with those obtained by the Pro Mechanica code built-in optimisation tool. The simulated experimental data were obtained from the Finite Element code using a parameter value of 120 mm. Different locations were chosen as initial values for the parameter during the identification in order to check for any effect of the initial value on the identification results. After 9 iterations the identification routine found a value of 126 mm, while the Pro Mechanica optimisation tool found the correct 120 mm value after 6 iterations. Once demonstrated the validity of the general algorithm, both phase and wavelength shift data were used to identify the correct parameter value. Again data from the first two modes were used as measures. Employing the interferometric long gauge sensor approach and therefore phase data, the value of 124 mm was obtained after five iterations. Employing the point sensors approach, and therefore Bragg wavelength shift data, the value of 126 mm was obtained after 6 iterations.
Conclusions
The FBG based F-P sensors proved to be able to detect modal strain data. Sensitivity proved high and the modal frequencies were clearly determined in all the four FRFs. As the sensors were in different positions over the panel, the peaks of the vibration modes had different relative amplitudes. Static measurements using FBGs proved the strain values to be very close to the numerical simulation, while dynamic results are still to be assessed completely. Numerical analyses showed that damage detection using strain modal data could be performed. The MAC values obtained comparing the strain modal shapes of the damaged and undamaged beam were all close to 1, an expected result as the intensity and extension of the damage introduced is relatively small, but also showed clear trends. Even numbered modes had lower MAC values than odd numbered modes. This is determined by the shape of the modes considered, as the distance of the damaged area from the modal shape nodes changes the influence on the global strain field. Also the MAC values of the odd numbered modes decrease with the increase of the modal frequencies. The Bragg grating modal strain ratios proved to be sensitive to the introduction of damage, as the ratio values in the damaged beam changed considerably compared to the undamaged configuration, especially in the 4 th and 5 th mode. The updating procedure results showed that damage location could be identified employing strain data with both point and integrating sensors. Further investigation will be needed to determine the relative effectiveness of the different sensors and to optimise the topology of the sensor network for particular damage scenarios.
